Progress in understanding how gene mutations produce malformations of cortical development (MCD) and epilepsy is occurring at a rapid pace. The evolving aims of MCD gene discovery include identifying causative mutations and correlating the mutational effect to an epilepsy phenotype. However, greater understanding of intracellular signaling cascades has permitted an approach to go beyond genotype-phenotype correlation and determine the consequences of mutations on cell and network function as a strategy to define precision treatment modalities. Of particular relevance, mutations in upstream and downstream regulators within the phosphotidylinositol-3 kinase/protein kinase B/mechanistic or mammalian target of rapamycin (PI3K/Akt/mTOR) pathway (1) and components of the cytoskeletal system (2) have emerged as playing key roles in producing MCDs most closely associated with intractable epilepsy, as well as neurobehavioral disabilities.
Progress in understanding how gene mutations produce malformations of cortical development (MCD) and epilepsy is occurring at a rapid pace. The evolving aims of MCD gene discovery include identifying causative mutations and correlating the mutational effect to an epilepsy phenotype. However, greater understanding of intracellular signaling cascades has permitted an approach to go beyond genotype-phenotype correlation and determine the consequences of mutations on cell and network function as a strategy to define precision treatment modalities. Of particular relevance, mutations in upstream and downstream regulators within the phosphotidylinositol-3 kinase/protein kinase B/mechanistic or mammalian target of rapamycin (PI3K/Akt/mTOR) pathway (1) and components of the cytoskeletal system (2) have emerged as playing key roles in producing MCDs most closely associated with intractable epilepsy, as well as neurobehavioral disabilities.
While neuropathological and radiographic criteria exist to classify MCD subtypes, we will focus on the effects of mutations on cell signaling and the functional attributes of mutations causing MCD. We will summarize some of the more recently discovered gene mutations and how they may interfere with PI3K/Akt/mTOR signaling and cytoskeleton assembly to produce aberrations in morphology, polarity, growth, migration, and excitability that ultimately lead to MCD and epilepsy. For purposes of defining mechanistic effects, malformations will be divided into two broad categories: mTORopathies (1) and tubulinopathies (2) . mTORopathies MCD caused by mutations in genes that encode protein regulators of mTOR activity-for example, PI3K, Akt3, and mTOR-have been termed "mTORopathies" (1) (Figure 1 ). Animal models suggest that mutations in these genes disrupt normal proliferation, growth, migration, and laminar destiny of neuroglial progenitor cells during cortical development. The paradigm disorder to understand mTORopathies is tuberous sclerosis complex (TSC) in which inherited or sporadic loss-of-function mutations in the mTOR regulators TSC1 or TSC2 are associated with focal MCD (tubers) that are highly associated with both infantile spasms and intractable epilepsy (3, 4) . The phenotypic spectrum of MCDs linked to mTOR cascade mutations is broad and ranges from small focal cortical dysplasias (FCD type II) to widespread hemispheric and whole brain abnormalities, for example, hemimegalencephaly (HME) and megalencephaly (ME), respectively. Some mTOR-related MCD may be very small and difficult to visualize with neuroimaging techniques-for example, "bottom-of-the-sulcus" FCD-and are often revealed only by postoperative neuropathological examination of resected tissue. Despite these phenotypic variations, the central tenet for conceptualizing mTORopathies is that multiple mutations in distinct genes within the PI3K/Akt/mTOR cascade culminate in several common phenotypic features, including histological evidence for cascade activation, abnormal neuronal morphology, aberrant cortical laminar structure, neuronal hyperexcitability, and seizures. Indeed, the net cellular effects of PI3K/Akt/mTOR pathway mutations seems to funnel through mTOR as a common signaling node as evidenced by in vitro and in vivo data, demonstrating reversibility of both structural and functional effects of these mutations (e.g., hyperexcitability) by pharmacological mTOR inhibition with rapamycin or related compounds.
Sending

HME and ME
The initial intracellular signaling component of the PI3K/Akt/ mTOR pathway is PI3K, which transduces extracellular signals from a number of growth factors, for example, insulin-like growth factor-1. Several recent studies have identified gain-offunction somatic mutations in phosphatidylinositol 3-kinase catalytic active isoform (PI3KCA) in HME and gain-of-function somatic or germline mutations in PI3KCA or phosphatidylinositol 3-kinase regulatory subunit beta (PI3KR2) in ME-associated syndromes (5, 6) . The PIK3CA gene encodes the p110alpha protein (the catalytic subunit of PI3K) while PI3KR2 is the p85 regulatory component of PI3K. HME and ME are associated with altered cortical cytoarchitecture and may be linked with intractable epilepsy, and intellectual and psychomotor disability. Interestingly, disruption of gyral structure and laminar organization tend to be more severe in HME than ME and, as such, epilepsy is more common and typically intractable, whereas individuals with ME often have more significant cognitive and behavioral deficits than those with HME. However, in some cases termed "dysplastic megelancephaly, " the gyral architecture of both hemispheres is severely disorganized. Most individuals with HME will require epilepsy surgery to treat intractable seizures. In HME, histological examination reveals that the affected hemisphere has large areas of dyslamination with dysmorphic neurons, balloon cells, and white matter heterotopia that may be similar to those found in FCD. Because fewer individuals with ME are eligible for epilepsy surgery than those with HME, the spectrum of neuropathological findings in ME is less well defined than in HME. Patients with ME may exhibit additional phenotypic abnormalities depending on the associated syndrome (e.g., polymicrogyria, cutaneous vascular malformations, polydactyly) (7). Mouse models expressing activating PIK3CA mutations (e.g., H1047R and E545K) recapitulate human pathological features, including brain enlargement and cortical malformations, and treatment with PI3K inhibitors ameliorates seizures in these animals (8) .
Exactly how gain-offunction mutations in PI3K isoform genes produce HME and ME-as well as the functional consequences of these mutations on the affected neuroglial progenitor cells-has not been fully determined. HME brain tissue containing a known PI3K mutation exhibits increased phospho-activation of Akt3, an AKT variant primarily expressed in brain, and increased phosphorylation of ribosomal S6 protein (phospho-S6), a common readout for increased downstream mTOR-complex 1 (mTORC1) signaling activity, on histological examination (6) . Thus, PI3K mutations lead to enhanced cascade activation signaling downstream to mTOR, and a growing body of evidence suggests that mTOR activation is therefore a likely cause of the abnormal cellular growth, migration, polarization, and metabolism that produces a disorganized cortex in HME and ME patients.
Somatic mutations in AKT3 are also associated with HME (9). As with studies examining PI3K, brain tissue resections from patients with AKT mutations show enhanced phospho-S6 levels, suggesting these mutations play a role in impaired cell size and morphology. The net effect of enhanced mTOR signaling, whether due to PI3K or Akt activation, is increased mRNA translation and protein synthesis leading to hypertrophy of the cell body (cytomegaly). Exactly which mRNAs and proteins culminate in increased cell size and which specific cellular components comprise the enlarged soma remain to be defined. Emerging data also demonstrate a role for AKT3 mutations in impaired neuronal migration through the AKT3-FOXG1-reelin pathway (10) . Reelin is a secreted protein integral to neuronal migration during corticogenesis and mutations in the RELN gene have been closely linked to lissencephaly (11) . Gain-of-function AKT3 mutations engineered in mice to create a focal MCD model led to aberrant reelin expression and impaired migration of the affected neuron. Surprisingly, surrounding neurons unaffected by the AKT3 mutation also showed impaired migration, presumably via non-cell-autonomous effects (10) , that is, effects on migration and lamination not directly caused by the mutation. A similar study examining Tsc2 loss or overexpression of Rheb (the regulatory protein FIGURE 1. Schematic of PI3K/Akt/mTOR signaling cascade. Multiple protein pathways converge to modulate mTOR signaling in response to growth factors, nutrient cues such as amino acids, and cellular energy levels (ATP). The GATOR1 complex includes DEPDC5 and NPRL3. Much of mTOR signaling regulation occurs in the cytoplasm or in proximity to the lysosomal membrane. MCD subtypes have been linked to gene mutations within components of the cascade, that is, focal cortical dysplasia (FCD), megalencephaly (ME), and hemimegalencephaly (HME). Modified from Crino (1) .
that lies between TSC and mTOR) on Reelin-Dab1 signaling also found impaired neuronal migration and, as in the previous study, demonstrated the ability to recover the migration defect using rapamycin (12) . Though not directly examined in either of these studies, it is likely that mutations in PI3K confer the same types of molecular changes due to the proximity of PI3K to AKT3 within the molecular cascade. Of course, a pivotal unanswered question is how mutations affecting the same cellular pathway yield very different effects on brain structure, for example, HME versus TSC versus FCD, yet nonetheless confer an epilepsy phenotype either directly through changes in excitability or indirectly through abnormal network formation.
STE20-related kinase adaptor α (STRADα) deletions were found in patients with the autosomal-recessive developmental disorder polyhydramnios, megalencephaly, and symptomatic epilepsy syndrome (PMSE), also referred to as "Pretzel Syndrome. " STRADα negatively regulates mTORC1 through the energy sensor 5' AMP-activated protein kinase (AMPK), and deletion of STRADα promotes constitutive mTORC1 activation (13) . As found in brain tissue specimens obtained from PI3K-or AKT3-associated HME or FCD, PMSE brain tissue shows increased phospho-S6 expression compared to controls, and there is widespread cytomegaly. STRADα shRNA-transfected neural progenitor cells also exhibit cytomegaly (14) . Depletion of STRADα in vitro and in vivo dramatically impaired neuronal migration and establishment of cell polarity. These cellular effects were prevented or reversed with rapamycin treatment, and rapamycin has been successfully used to treat seizures in PMSE patients (15) .
Germline mutations in phosphatase and tensin homolog (PTEN) have also been shown to cause ME in the context of larger multisystem PTEN Hamartoma Tumor Syndromes, for example, Cowden Syndrome (16) . PTEN is a tumor suppressor that inhibits growth and proliferation signals by inhibiting PI3K. Brain specimens obtained from patients with known PTEN mutations show increased AKT activity, and in vitro examination of PTEN mutations revealed increased phospho-S6 staining due to downstream activation of mTOR, as well as abnormal cytoarchitecture (17) . Animal models of Cowden Syndrome show increased brain size and weight (18) , along with abnormal electrographic activity and seizures (16) . mTOR inhibitor administration is effective in correcting the cellular abnormalities observed in vitro and in vivo in mice and, interestingly, is also effective in reducing seizure frequency (19, 20) . Recently, mutations in TBC1D7 (21), a binding partner of the TSC1-TSC2 complex, have been associated with ME, although less is known about the role of this gene in brain function.
FCD
Increasing evidence has demonstrated a pathogenic role for germline and somatic mTOR component mutation in FCD. For example, loss-of-function mutations in the nitrogen permease regulator 2-like protein (NPRL2), nitrogen permease regulator 3-like protein (NPRL3), and DEP domain containing DC 5 (DEPDC5) genes that code for proteins comprising the GAP activity towards rags 1 (GATOR1) heteromeric protein complex (22, 23) have been identified in patients with epilepsy and, in some cases, FCD. Mutations in NPRL2 and NPRL3 have been found in patients with familial focal cortical epilepsy and patients with sporadic focal cortical dysplasia (22) . DEPDC5 mutations have been found in a number of different epilepsies, including nocturnal frontal lobe epilepsy, autosomal dominant nocturnal frontal lobe epilepsy (24) , familial focal epilepsy with variable foci (25) , sporadic focal cortical dysplasia with "bottom-of-the-sulcus" dysplasia, FCD type IIa (26) , and nonlesional neocortical epilepsy. More than 20 missense and nonsense loss-of-function mutation variants have been identified. GATOR1 complex proteins may be a frequent cause of focal epilepsies and, as more data emerges, may suggest a unique subset of mTORopathies classified functionally as "GATORopathies. "
The exact mechanism by which GATOR 1 proteins lead to MCDs and epilepsy remains to be defined, but these proteins are pivotal regulators of PI3K/AKT/mTOR pathway activity in response to nutrient status of the cell, in particular, amino acid levels. GATOR1 regulates mTOR in response to changes in amino acid levels by modulating the localization of mTORC1 to the lysosomal surface by activating the RAG GTPases on the lysosomal membrane; leucine and arginine are of particular importance in this mechanism (27) . Loss-of-function mutations in GATOR1 promote constitutive mTOR activation as evidenced by enhanced phosphorylation of another mTOR substrate, 4E-BP1, in Drosophila oocytes (28) . mTOR hyperactivation due to functional loss of an inhibitory regulator (e.g., TSC1, TSC2, STRADα) can lead to cellular hypertrophy, abnormal cellular morphology, impaired cellular migration, and a lack of defined cellular polarity (4, 14, 29) . Brain tissues from patients with known DEPDC5 or NPRL3 mutations exhibit cytomegalic phospho-S6 positive neurons (26, 30) and may be classified as FCD IIa, although the effects of gene knockdown or knockout in vitro or in vivo have not been assessed, and the molecular effects of GATOR1 mutations on brain development remain largely undefined. Furthermore, an upstream, inhibi-
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• MCD-related mutations are being discovered at a rapid pace but understating how they impact cellular biology lags behind.
• Somatic mutations in the central PI3K/AKT/ mTOR pathway-PI3K and AKT specificallyhave been linked to diffuse MCDs.
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• Emerging data demonstrate the involvement of myriad cytoskeletal genes in MCD formation and epilepsy.
tory, heteromeric complex that modulates GATOR1 (known as GATOR 2) has been recently described (31) . We speculate that future studies might identify mutations in GATOR2 components associated with MCD. Securing the mechanistic framework for mTORopathies, gain-of-function somatic mutations in the MTOR gene itself have been recently identified in patients with FCD type IIa and IIb (32) . These specimens exhibit phospho-S6 labeled balloon cells and dysmorphic neurons. MTOR mutations found in patients with FCD type IIa and IIb that were examined were associated with increased activity of 4E-BP1 in vitro (33) . In a separate study, in vivo examination of FCD-associated somatic mTOR mutations by in utero electroporation of the mutant construct into fetal mice revealed abnormal cortical lamination and cytomegalic neurons, resulting in spontaneous seizures. These cellular deficits were subsequently corrected with rapamycin treatment (34), suggesting a possible role for mTOR inhibition in the treatment of seizures associated with MTOR mutations.
Tubulinopathies and Cytoskeleton-Related MCDs
Though not a signaling cascade per se, the cytoskeletal system is a complex and dynamic orchestra of protein subunits that assemble and disassemble in response to signaling cues to permit cell motility, polarity, and cytoplasmic transport. Not surprisingly, mutations in cytoskeletal genes can have devastating effects on neuronal function leading to severe MCD and epilepsy (2) . The first CNS cytoskeleton-related MCD gene, LIS1, was discovered in 1993 in association with Miller-Dieker lissencephaly syndrome, and its clinical relevance and biological implications have been well characterized (35) . Over the past decade, additional evidence has emerged for a larger spectrum of cytoskeleton-related MCDs in the form of so-called "tubulinopathies" reflecting de novo mutations in the tubulin (TUB) alpha (A), beta (B) and gamma (G) genes TUBA1A, TUBA8, TUBB2A, TUBB2B, TUBB3, TUBB5, and TUBG1 (36) . These primarily missense mutations can lead to a wide range of associated MCDs including polymicrogyria (TUBA1A [37] ), microcephaly (TUBB2B, TUBB5, TUBG1 [38] ), and microlissencephaly (TUBB3 [39] ). In addition, mutations in TUBB4A have been observed in a few patients with cerebellar, basal ganglia, and putamen malformations and disorganization (40) . Most patients, regardless of mutation specificity, have a decreased brain size (microcephaly), agenesis of the corpus callosum, and a highly disorganized cortical structure (41) . These mutations do not necessarily fit into orderly genotype-phenotype categories, and there is often significant overlap between mutation, MCD type, and clinical phenotype.
The functional implications of TUB mutations on the cell can be divided into three main categories: decrease in heterodimer production, decreased interactions with motor proteins, and loss of microtubule assembly/stability. Studies examining mutations in TUBA1A, TUBB2B, and TUBB3 have demonstrated a decrease in production of alpha and beta tubulin heterodimers due to an inability of the subunits to properly interact with protein-folding chaperones. Contradictory studies examining the overexpression of these same misfolded proteins suggest they will incorporate into microtubules to form normal structures (37) . Less is known about the effects of TUB mutations in the human cortex since fewer patients with TUB mutations are treated with epilepsy surgery than are, for example, mTORopathies.
Microtubules provide scaffolding upon which motor proteins can transport molecular cargo. Single nucleotide mutations in TUBB2B and TUBB3 have been shown to interfere with kinesin binding in vivo and in vitro (38) . Whether this interaction occurs directly between the tubulin protein and kinesin or is indirect is unknown, as is how impaired transport may affect excitability. Microtubules are highly dynamic structures that are in near constant flux, a property that is particularly important for neuronal migration. Frequent findings when examining various TUB mutations are changes that affect the ability of microtubules to elongate. These mutations affect either the nucleotide binding site or the binding surfaces between alpha/beta subunits. Therefore, these mutations prevent efficient microtubule elongation and hamper cellular migration (39) . Lastly, mutations are also found in regions coding for the lateral aspects of alpha/beta heterodimers. Lateral components are involved in interacting with microtubule-associated proteins that stabilize microtubules and prevent degradation or breaking (42) . This, again, has dramatic implications for neuronal migration as well as molecular transport and axon guidance, as has been demonstrated in vitro (34) .
Additional mutations in genes encoding cytoskeletal proteins have been linked to MCDs and epilepsy; these include KIF1A (43), ARFGEF2 (44) , and FLNA (45) . Filamin A (FLNA) is an actin-binding protein that crosslinks actin filaments and anchors the actin cytoskeleton. FLNA mutations are associated with periventricular nodular heterotopia and often refractory seizures. FLNA mutations (45) may exert their pathophysiological effect by preventing proper organization of radial glia in the ventricular zone, resulting in migration defects in vivo (46) . Doublecortin (DCX) is a microtubule-associated protein expressed by neuronal precursor cells, and DCX mutations are associated with subcortical band heterotopia in females and X-linked lissencephaly in males, both of which are frequently associated with severe and intractable epilepsy. DCX enhances polymerization and bundling of microtubules and also interacts with Lis1, also known as platelet-activating factor acetylhydrolase IB subunit alpha, binds to DCX and TUBA1A, and plays an important role in regulating the motor protein dynein. Mutations in LIS1 are associated with lissencephaly and the microdeletion Miller-Dieker syndrome. While the precise mechanism of epileptogenesis induced by mutations in cytoskeletal genes is not fully understood, seizure activity in Lis1 mouse models is associated with increased glutamatemediated excitation and an increased pool of vesicles at the presynaptic site (47) . Similarly, in a Lis1-conditional knock-out mouse, induced LIS1 deficiency enhanced excitatory input to granule cells, even in the absence of neuronal disorganization, suggesting that LIS1 mutations may have direct effects on excitatory synaptic transmission (48) . Conversely, mouse models of tubulin gene mutations do not exhibit spontaneous seizures. Thus, future studies will be needed to define the links between mutations in, for example, TUB genes and epileptogenesis so that more targeted treatment strategies can be developed.
Conclusions and Future Directions
We posit that the next important phase of understanding the molecular mechanisms causing MCD is to examine individual gene mutations in the context of cellular signaling cascades or relevant cellular functions as a strategy to implement targeted or "precision" therapeutic approaches. Indeed, understanding the intricacies of the PI3K/AKT/mTOR pathway has led to a greater understanding of how rapamycin and related compounds may be used to treat intractable seizures. As deep gene sequencing techniques improve and the ability to identify somatic mutations in small populations of cells increases, the spectrum of known cell signaling cascade mutations leading to MCDs is likely to increase. Future endeavors should focus on rapidly assessing the functional significance of these mutations in animal models and searching for mechanisms to obviate the effects of these mutations based on their role in normal cellular functioning.
